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NanocompositesAbstract Polythiophene (PTh) has been the subject of considerable interest because of its good
environmental stability, unique redox electrical behavior, stability in doped or neutral states, ease
of synthesis, and wide range of applications in many ﬁelds. Apart from its applications in the elec-
trical or electronic ﬁeld, PTh has shown promising applications in photocatalytic degradation. The
fabrication of a catalyst, metal oxides with PTh, extends the absorption range of the modiﬁed com-
posite system, thereby enhancing the photocatalytic activity under UV or visible light irradiation.
Substituted PTh, such as alkyl substitution, modiﬁes the electronic properties of the polymer,
thereby enlarging the potential for industrial applications. PTh or substituted PTh when combined
with metal, metal oxide or a combination of both, can exhibit tailorable photocatalytic properties.
This review focuses on the chemistry of the band gap engineering of PTh or PTh based systems and
the mechanism of photocatalytic degradation. The major developments in the ﬁeld of UV and vis-
ible light-assisted photocatalysis are discussed in terms of the parameters that affect the photocat-
alytic efﬁciency. On the other hand, some challenges still needs to be investigated experimentally,
which are mentioned as the scope for future studies. For simplicity, the review has been classiﬁedorbital;
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Owing to the rapid industrialization in recent decades, a huge
amount of toxic efﬂuent is being discharged into various water
bodies on a daily basis. These ongoing processes pose a serious
problem for the availability of safe water for drinking, house-
hold uses, agriculture, farming, etc. Therefore, there appears to
be an intimate shortage of clean water supply, which highlights
the urgent need for the puriﬁcation of water, making waste
water treatment an important issue of concern [1].
A wide range of methods and technologies have been used
to remove organic or inorganic pollutants from water and
waste-water to reduce their impact on the environment.
These methodologies involve adsorption on organic or inor-
ganic materials [2], photocatalytic degradation, oxidation pro-
cesses, microbiological, or enzymatic decomposition [3]. Of
these, semiconductor photocatalysis has been widely applied
as a ‘‘green’’ technology for puriﬁcation of air and the elimina-
tion of organic contamination of water, and has become one of
the most important applied facets of heterogeneous catalysis
[4].
Semiconducting metal oxide nanoparticles have long been
explored as a photocatalytic material for the degradation of
pollutants. TiO2 has attracted considerable attention since
Fujishima and Honda [5] discovered its photocatalytic proper-
ties in their water splitting experiment. Similarly many other,
metal oxide nanoparticles, such as ZnO [6,7], TiO2 [8–10],
etc. [11,12], have been used to degrade non-biodegradable
pollutants via photocatalytic routes.
On the other hand, the wide band gap of metal oxides (Eg
3.2 eV or greater) limits their ability to absorb visible light
(k> 380 nm), which limits their widespread use. Therefore,
intense research has been conducted to lower their band gap,
such as with metals or nonmetal doping [13,14], composite
synthesis with polymers [15] etc. Among these processes, fabri-
cation with conducting polymers, such as PTh, has been shown
to effectively lower the band gap by allowing greateradsorption in the visible region. Accordingly, there has been
considerable research on increasing the degradation rate of
pollutants by combining inorganic materials with PTh to
achieve synergetic and complementary behaviors between
PTh and other organic or inorganic materials.
As a result, a large number of papers on PTh nanocompos-
ite based photocatalysts have been published within a short
span of time. The present review summarizes the systematic
progress in the development, mechanistic view and future
applications of PTh-based photocatalytic systems. For conve-
nience, the discussion is divided into a several categories
depending on the type of the composite material and its
chemistry.
2. Polythiophene
Since the discovery of iodine-doped polyacetylene in 1977 [16],
research in the ﬁeld of conducting polymers has made consid-
erable advances. On the other hand, only few conducting poly-
mers have been found to be stable enough under normal
processing conditions to be incorporated in practical applica-
tions. Among them, the leading candidates are Pani, PPy
and PTh. Of these, Pani and PPy have been studied the most
for many practical applications, such as sensors [17,18], photo-
catalytic activity [19], environment remediation [2] etc. Despite
being the least studied, PTh has shown many promising appli-
cations comparable to both Pani and PPy, such as electrical/
electrochemical applications, sensors and dye degradation
[20]. Recently, PTh, just like other conjugated polymers, has
been applied in the photocatalytic area to sensitize metal
oxides and develop high performance PTh/metal oxide photo-
catalytic materials [21].
In addition to pure PTh, functionalized PTh has also
attracted considerable interest owing to their interesting elec-
trical, electrochemical and optical properties. The introduction
of ﬂexible pendant chains onto the backbone improves the
solubility and processability allowing more complete
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Figure 1 Structures of PTh and its derivatives.
496 M.O. Ansari et al.characterization of the materials. Poly(3-alkylthiophene)s with
large alkyl groups, such as butyl, can be readily melt-or
solution-processed into ﬁlms, which, after oxidation, can exhi-
bit exceptionally high electrical conductivity [22]. Moreover,
such introduction modiﬁes the electronic properties of the
polymer, thereby increasing the possibilities for industrial
applications. Fig. 1 shows the basic structures of PTh and
some of its derivatives.
2.1. Chemical states and band gap of polythiophene
PTh exhibits a large range and ‘‘well-behaved’’ chemical prop-
erties, making it suitable for selective and efﬁcient modiﬁcation
at the molecular level that can be used to tailor its physical,
optical and electronic properties. This backbone of PTh can
be modiﬁed by the incorporation of different monomer build-
ing blocks, such as fused ring systems, and substitution by
alkyl chains into PTh. This alters the chemical behavior, which
in turn affects the band gap, an important parameter in the
ﬁeld of photocatalysis [23]. The band gap of PTh is in the
range of 2.0 eV and varies according to the type of doping.
This band gap is sufﬁciently small compared to metal oxides,
such as TiO2, ZnO etc. Owing to this sufﬁciently small band
gap, it is possible to excite an electron from the VB to the
CB using both UV and visible light. Fig. 2 shows thecomparative visible and UV light transition possibilities of
PTh along with those of metal oxides.
The substitution of PTh with either electron withdrawing or
electron releasing groups can be an alternative way for band
gap engineering. This tunes the HOMO and LUMO of the
conjugated polymer system, thereby altering the band gap.
The introduction of electron withdrawing groups, such as nitro
or cyano in PTh system, has been reported to increase the oxi-
dation potential, and affect the band gap. Lambert et al. [24]
reported that poly(cyclopentadithiophene)s bearing electron
withdrawing keto or dicyano groups at the bridging carbon
has a band gap of 1.20 eV and 0.80 eV, respectively.
This low band gap has been explained due to the increased
quinoid character of PTh or its derivatives [25]. Another
assumption is that the systems can also be viewed as alternant
donor acceptor systems, where the thiophene ring acts as a
donor. Therefore, the introduction of electron withdrawing
groups may lower the band gap of the PTh system, but have
a serious impact on the solubility, which ultimately decreases
their processability and limits their practical applications [26].
The electron donating group increases the HOMO level of
the conjugated system which reduces the band gap. Alkyl
groups, as in the case of butyl or pentyl substituted PTh,
decrease the oxidation potential of the thiophene ring due to
the inductive effect [27]. On the other hand, linear alkyl chains
Figure 2 Different transition possibilities in UV and visible light for (a) metal oxides and (b) PTh.
Polythiophene nanocomposites for photodegradation applications 497of sufﬁcient length (typically 6–9 carbons) contribute indirectly
to reducing the energy gap by enhancing the long-range order
in the polymer through lipophilic interactions between the
alkyl chains, which leads to a decrease in the band gap [27].
Compared to electron withdrawing groups, electron donating
groups, such as the long alkyl chains, opens up the structure
of the alkyl group substituted PTh or their derivatives, which
increases their solubility, processability and thus ﬁnds a variety
of practical applications.
2.2. Chemistry of the photocatalytic activity of polythiophene/
metal–metal oxide composite and UV or visible light activity
PTh like other conducting polymers under visible light irradi-
ation, absorbs light to induce a pﬁ p* transition, transporting
the excited-state electrons to the p orbital, which is also
referred to as the VB to CB or HOMO to LUMO transition
[28]. UV and visible irradiation is sufﬁcient in energy for this
transition because of the low band gap of PTh. Therefore,
due to the ease of the electron transition, PTh can act easily
as a sensitizer to metal oxides where the transition of the elec-
tron to the CB is not possible under visible light because of its
wide band gap. In the case of metal oxide composites with
PTh, the transition of an electron to the CB of TiO2 occursHOMO
Visible
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Eg ∼ 2.5 eV
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π
π∗
P
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Figure 3 PTh mediated electron transfer to the CBwith ease due to the polymer-mediated process. Electrons from
the CB of PTh are transferred directly to the CB of metal oxi-
des making the composite active in visible light (Fig. 3). In the
case of UV irradiation, the transfer of electrons occurs at a
much higher rate due to the activity of the metal oxide, which
increases the catalytic activity considerably. The excited-state
electrons readily injected into the CB of metal oxides are sub-
sequently transferred to the surface and reacts with adsorbed
water and oxygen to yield hydroxyl and superoxide radicals.
These oxidative radicals are responsible for the photocatalytic
activity of the composite of PTh with metal oxides [29].
2.3. Polythiophene composite catalyst used in the ﬁeld of
photodegradation
The major drawback of any metal oxide-mediated photocatal-
ysis process is the high rate of electron and hole recombina-
tion, which decreases the overall photocatalysis efﬁciency.
Dye sensitized photocatalytic materials show high efﬁciency
in the degradation of pollutants, where the dye acts as a sensi-
tizer and facilitates electron transfer to the CB of TiO2. The
electron is captured to produce active radicals, such as O2
,
OOH and OH, which are responsible for the photodegrada-
tion process [30,31]. On the other hand, the loose attachmentVB
ure metal oxide 
nanostructure 
CB
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light
O2
O2
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Pure metal oxide 
nanostructure 
Eg ∼ 3.2 eV
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h+
of metal oxides under visible light irradiation.
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in poor stability for long term applications [32]. Conducting
polymers, such as PTh in the place of dyes, is an efﬁcient
method of resolving these problems because the polymer can
be coated on the surface of metal oxides, and the resulting
composite would exhibit strong interactions as well as high
absorption in the UV and visible region of the solar spectrum.
In situ polymerization techniques have mostly been used for
the fabrication of metal oxides. Zhu et al. [33] exploited the
properties of the high electron mobility of PTh to fabricate a
PTh/TiO2 nanocomposite for the photocatalytic degradation
of MO dye under UV light irradiation. A self-designed UV-
irradiation instrument with 10 W germicidal lamps with a
maximum wavelength of 253.7 nm was used for the catalysis
process. The change in the MO concentration was measured
by a UV–vis spectrophotometer and was related to the degra-
dation of MO. Morphological analysis showed that during in-
situ polymerization, PTh is coated on the TiO2 nanoparticles
and the overall composite absorbs in the wavelength range
of 200–800 nm compared to TiO2, which absorbs only in the
400 nm region. This suggests that the PTh/TiO2 nanocompos-
ite can be excited by solar light. In addition to the photodegra-
dation phenomenon, the PTh/TiO2 nanocomposite also allows
surface adsorption of the dye, which changes with the PTh to
TiO2 weight ratio. With the increase in PTh ratio, the adsorp-
tion capacity of the PTh/TiO2 nanocomposites increases ﬁrst
and decreases afterward, which is related to the structural fea-
tures of the nanocomposite system. When tested under UV
light illumination, the pure PTh used as a catalyst did not show
any appreciable degradation of MO (<5.0%). Pure TiO2
showed 48.5% MO degradation, whereas PTh/TiO2 showed
56.6% degradation. The rate of degradation initially starts at
a high pace after which it becomes stable due to the adsorption
of dye on the active sites of the catalyst. PTh/TiO2 with a
higher PTh content exhibited limited catalytic activity, which
is because PTh adsorbed on the surface of TiO2 occupied most
of the surface active sites of TiO2, thereby preventing the MO
molecule from reaching the active sites of TiO2 for
degradation.
The surface property is an important factor for the photo-
catalytic properties and is closely related to the PTh to TiO2
weight ratio. In another development reported previously, it
was shown that with increasing PTh content from 0% to
2%, the adsorption capacity of the PTh/TiO2 composites
toward MO increases [34]. Zeta potential studies showed that
in the dispersion, the surface of the TiO2 is negatively charged
while the surface of the PTh/TiO2 composites is positively
charged. Therefore, due to coulombic repulsion, MO is barely
adsorbed on the TiO2 surface. On the other hand, the posi-
tively charged surface of the PTh/TiO2 composites can adsorb
MO strongly, which would contribute to the high photodegra-
dation efﬁciency because it facilitates efﬁcient interfacial
charge transfer. The adsorbed MO molecules are also helpful
in preventing the recombination of photoelectrons and holes
[35]. Therefore, the strong adsorption properties of the
PTh/TiO2 composites could increase the photocatalytic
degradation rate of MO [36]. The PTh/TiO2 nanocomposite,
when studied for its visible light activity, also showed
substantial visible light photocatalytic activity. TiO2 is excited
by UV light only; hence PTh acts as a sensitizer. PTh because
of its strong absorbance in the visible light region upon excita-
tion transfers the electron to the CB of TiO2. The CB electronthen reacts with O2 adsorbed on the TiO2 surface to produce
oxidative radicals responsible for the photodegradation
process.
In addition to the conventional in situ polymerization tech-
niques used for the preparation of PTh based photocatalysts,
other techniques, such as microemulsion route and the electro-
chemical or photoinduced polymerization of PTh, also pro-
duced interesting results due to the different morphological
features that give them different properties [37]. The
microemulsion phase acts as an inert medium which prevents
the coalescence of nanoparticles. Degradation studies using
PTh nanoparticles for commonly used textile dyes, such as
Orange II and MO, under UV irradiation indicated higher cat-
alytic activity due to the low band gap of the PTh nanoparti-
cles. Under UV irradiation, PTh nanoparticles exhibited
higher degradation rates than normal PTh because of the lar-
ger speciﬁc surface areas. The photocatalytic degradation reac-
tion simply followed pseudo ﬁrst-order reaction kinetics. The
rate constants of the normal PTh nanoparticles were relatively
low compared to TiO2 and the degradation rate of the PTh
nanoparticles was much higher than TiO2. One explanation
is that the energy of the photo-induced radicals coming from
the narrower bang gap (2.0 eV) of PTh nanoparticles is much
lower than that from TiO2 (3.2 eV) [38].
The electropolymerization of thiophene on TiO2 ﬁlms leads
to a slow and intact coating of PTh on TiO2. Liang et al. [39]
used the electropolymerization technique for the surface coat-
ing of PTh on TiO2. They reported that the low potential
avoids degradation of the polymer as well as any side reactions
between the electrolytes and electrodes. The thickness of the
PTh layer on TiO2 can be controlled easily by the concentra-
tions of thiophene monomers in the electrolyte solution. In
the absorption spectra, the PTh/TiO2 composites revealed a
broad absorption band in the range, 400–600 nm, with a main
shoulder at 540 nm. This conﬁrmed the interaction of PTh
with TiO2 as the composite processed all the absorption
regions of TiO2 and PTh. Owing to the high absorption in
the UV and visible light region, the electropolymerized
PTh/TiO2 composites showed high photocatalytic degradation
of 2,3-dichlorophenols when tested under UV and visible light.
The enhanced effect was explained by the high rate of charge
transfer from the sulfur site of PTh to TiO2, as evident from
XPS analysis.
A similar interaction of the sulfur site with TiO2 was also
achieved in other controlled polymerization conditions.
Under normal conditions, PTh is simply deposited on the sur-
face of TiO2; hence, the interface between the polymer and
TiO2 is not stabilized for the formation of a heterojunction,
which favors the rate of charge injection when stimulated by
light excitation. Photoinduced polymerization is another tech-
nique of composite preparation by utilizing photoexcited TiO2
nanoparticles and achieving the free radical polymerization of
alkenes. This technique leads to good adhesion between the
polymeric materials and inorganic materials because the poly-
merization reaction is initiated locally by charge transfer
across the inorganic semiconductor-monomer interface
[40,41]. The PTh/TiO2 nanocomposite prepared using the pho-
toinduced polymerization technique showed a strong interac-
tion between the sulfur sites of the PTh backbone and the
TiO2 particles, which can explain the highly efﬁcient photocat-
alytic degradation of RhB under UV irradiation or visible light
irradiation [42].
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metal–organic frameworks, (MIL-101(Cr) and Bi25FeO40), in
combination with PTh have also shown promising catalytic
properties. ZnO absorbs a larger fraction of the UV spectrum
than TiO2 but has limited applications because of the
occurrence of photocorrosion and the susceptibility to facile
dissolution at extreme pH [43]. Khatamian et al. [44] reported
that the surface modiﬁcation of ZnO with PTh can improve
the absorption characteristics of ZnO to produce a highly vis-
ible light active photocatalyst. The optical properties of the
prepared PTh/ZnO by DRS showed a broad peak in the visible
region. The pHPZC changes with the addition of PTh to ZnO
due to a change in the surface property of the composite.
This was also evident from morphological studies because
ZnO nanoparticles are surrounded by PTh, which reduces
the agglomeration of ZnO nanoparticles in the PTh/ZnO sys-
tem. The BET results showed that the surface area of
PTh/ZnO is higher than that of ZnO and the obtained surface
areas of PTh/ZnO and ZnO were 199.74 and 9.9 m2 g1,
respectively. A study of pHPZC suggests that the surface of
the composite is positively charged, which is in contrast to
ZnO, and MO being negatively charged can be adsorbed easily
on the surface, which is beneﬁcial for the photodegradation
properties. The photocatalytic mechanism has been explained
in a similar manner to the case of PTh/TiO2 as discussed ear-
lier, i.e. the transfer of an electron to the CB of TiO2. On the
other hand, the authors concluded that a speciﬁc threshold of
PTh is necessary to prevent recombination, and PTh in very
small amounts resulted in poor efﬁciency. This might be due
to the inability of a small amount of PTh to transfer sufﬁcient
electrons to the CB of ZnO, which is further responsible for the
degradation process. Similar characteristics, as in the case of
PTh/ZnO have been observed for the PTh/Bi25FeO40/MIL-
101(Cr) composite [45]. The visible light absorption increased
due to the high absorption of MIL-101(Cr). Therefore, the
catalysis of RhB was achieved efﬁciently under visible light
irradiation. The photocatalytic mechanism is believed to occur
via a polymer mediated process, i.e. transfer and separation of
photogenerated charge carriers through the PTh-connected
interface between MIL-101 and Bi25FeO40.
2.4. Substituted polythiophene composite photocatalyst used in
the ﬁeld of photodegradation
Derivatives of PTh, such as alkyl substitution, improve the
processability of the polymer and may extend their applica-
tions to various ﬁelds. Among the different substituted PTh,
the alkyl substituted P3Th has been applied widely in the ﬁeld
of photocatalytic degradation. The alkyl group acts as an elec-
tron donor, which is helpful in increasing the effective conjuga-
tion length of thiophene ring backbone and enhancing the
electron mobility. P3Th has strong absorption in visible region
(band gap of 1.9–2.0 eV), higher charge carrier mobility, good
solubility, processability, long-term stability [46]. Therefore, it
can be considered a good candidate as a sensitizer of TiO2 and
may be a possible replacement for PTh due to the higher pro-
cessability of the former.
P3Th can be synthesized using 3-hexylthiophene as a mono-
mer by a simple in situ oxidative polymerization technique
similar as in the case of PTh. The composite of P3Th/TiO2
exhibits broad absorption, both in the UV and visible regionsof the solar spectrum. Muktha et al. [47] from their PL results,
reported a quenching phenomenon as the content of TiO2 in
the composites was increased, which was attributed to the
presence and distribution of TiO2 in the P3Th matrix because
charge transfer occurs from P3Th to TiO2. They explained that
upon UV excitation, the electron from the CB of TiO2 may be
excited to the empty states in P3Th owing to the lower band
gap of P3Th compared to that of TiO2. The process enhances
the oxidative property of TiO2 and stabilizes the VB hole of
TiO2. On the other hand, P3Th may also absorb UV radiation
allowing energy transfer to the TiO2 nanoparticles followed by
the creation of a VB hole and CB electron. This electron-
mediated mechanism leads to the formation of OH radicals
responsible for the degradation process.
Similar studies have been carried out by various authors to
examine the absorption and visible light activity of P3Th/TiO2
nanocomposites. In a study by Wang et al. [48], DRS
spectroscopy showed that P3Th/TiO2 possesses a much lower
band gap than TiO2 and can be easily excited to produce more
electron–hole pairs under visible light irradiation. They
reported that the optimal P3Th to TiO2 ratio gave the highest
photocatalytic efﬁciency. The catalytic degradation rate of the
MO dye increased initially and later decreased with increasing
P3Th/TiO2 molar ratio from 30:1 to 125:1, reaching a maxi-
mum of 88.5% in 10 h when the molar ratio of P3Th/TiO2
was 75:1. The photocatalytic mechanism was found to be sim-
ilar, via electron transfer from P3Th to the CB of TiO2. The
electron in the CB of TiO2 reacts with oxygen to yield a super-
oxide radical, O2
. This leads to the formation of a positively
charged hole (h+) due to electron migration from the VB of
TiO2 to the p orbital of P3Th, which then reacts with OH

or H2O to generate
OH. The super-oxide radical ion O2

and hydroxyl radical (OH) are responsible for the degradation
of the organic compounds.
In another development, Zhu et al. [49], who used
P3Th/TiO2 for the degradation of MO dye, reported that
the catalytic reactions occurred via different reactive path-
ways under UV and visible light irradiation. The azo bond
of the MO molecule was dominantly cleaved under UV light
irradiation, while under visible irradiation, apart from the
cleavage of the azo bond, intermediates with chromophoric
groups formed. Further studies on the degree of P3Th oxida-
tion showed that the excessive oxidation of P3Th decreases
the photocatalytic activity of the P3Th/TiO2 composites.
From the degradation results of MO using P3Th/TiO2 with
different degrees of P3Th oxidation, it was concluded that
as the side chains of P3Th became oxidized, they had a
stronger interaction with TiO2, leading to an increase in the
polarity of P3Th [50]. This reduces the separation ability of
P3Th to oxygen, and the photoinduced electrons can be
transferred easily from P3Th to TiO2 particles, making the
P3Th/TiO2 composite photocatalytic active. Under extensive
oxidation, however, the backbone of the polymer was
destroyed, leading to a decrease in the degree of p-p conjuga-
tion of the polymer. This decreases the efﬁciency of the
photo-excitation of electrons from the valence bond to the
antibonding polaron state under visible light irradiation.
Therefore, fewer electrons are excited by visible light irradia-
tion and transferred to the conducting band of TiO2 to gen-
erate oxidative species. Thus, the photocatalytic activity of
the P3Th/TiO2 composites decreases when P3Th is oxidized
excessively.
500 M.O. Ansari et al.Another derivative of PTh, PFTh, in combination with
TiO2 also showed enhanced catalytic degradation properties
[51]. DRS studies revealed a broad absorption for
PFTh/TiO2 in the region from 360 to 500 nm compared to
pure TiO2, where no absorption was observed after 400 nm.
The PL results indicated that the electrons on the CB of
PFTh were transferred to the CB of TiO2. Owing to the lower
reductive potential of PFTh (1.35 V) than TiO2 (0.65 V), it
became thermodynamically possible for electrons to be
injected from the CB of the polymer to the CB of TiO2, which
plays an important role in photocatalytic degradation. Similar
results have been reported for the photocatalytic degradation
of phenol, RhB and MO by PFTh/ZnO under visible light irra-
diation [52]. For the PPTh/ZnO composite, it was shown that
the amount of ZnO in the polymer has a great effect on the
conjugation length and degree of oxidation of the composite
[53]. Among 3%, 5% and 7% ZnO loadings in the polymer,
FTIR and UV–visible spectral analysis showed that a 5%
loading had the longest conjugation length compared to other
weight percentages. This can be explained in that when ZnO is
excited by radiation capable of electron transfer from the VB
to the CB, the electron–hole pairs react with hydroxyl ions
to produce reactive radicals, such as O2
 and OH [54]. These
strong oxidants in stepwise reactions can enhance the conjuga-
tion length of the polymer. On the other hand, ZnO at higher
weight percentages will also lead to the separation of oxidants
to some extent due to other possible reactions; hence, a higher
weight percentage may lead to a decrease in the conjugation
length [55]. The photocatalytic activity is explained by the syn-
ergistic effect of PPTh and ZnO. The 5% ZnO loading gave
the highest photocatalytic efﬁciency under UV irradiation for
the dye. The higher conjugation and oxidation degree leads
to good electron mobility and is believed to be an important
factor for enhancing the photocatalytic activity.
Little work has also been done on the photocatalytic activ-
ity of carbon-based materials with a PTh composite. GO has a
functional oxygen group capable of interacting with PTh or its
derivative via a p–p interaction between the nonpolar regions
of GO and the molecular layers of PTh. The composite
PHTh/GO sheets, when studied for their photophysical
properties, such as UV–visible absorption, photothermal
desorption spectroscopy, and steady-state PL studies, showed
enhanced optical absorption, charge transfer and photocat-
alytic properties [56]. The formation of a charge-transfer
complex between GO and PHTh was proposed, which creates
additional sub-band gap states that result in absorption at
lower energies than the band gap. PHTh/GO hybrids when
studied for the oxidative Mannich reaction under ambient
solar light showed promising results. Therefore, owing to its
ability to be excited by sunlight, PHTh/GO hybrids have
potential applications as an efﬁcient photocatalyst in organic
synthesis.2.5. Multicomponent polythiophene composite catalyst used in
the ﬁeld of photodegradation
Multicomponent systems consisting of PTh/metal oxides and
metal particles have also attracted attention to further extend
the absorption limit of the composite system and enhance
the catalytic activity [57]. Chandra et al. [58] reported that a
PTh/TiO2–Cu composite prepared by a sol–gel process showeda strong interaction between the interface of PTh and TiO2–
Cu. The TiO2–Cu composite showed absorption in the region,
450–500 nm. On the other hand, extension of the absorption
regions in the PTh/TiO2–Cu composite also indicates strong
interactions between PTh and TiO2–Cu, which is expected to
accelerate photo-induced charge transfer from the PTh to
TiO2–Cu, and subsequent enhancement of the photocatalytic
efﬁciency of the catalyst. When tested for the degradation of
RhB, as the PTh content in TiO2–Cu was increased from 0.5
to 2.0 wt.%, the rate of RhB degradation increased, reaching
a maximum at polymer loading of 1.0 wt.%, and decreases
with further increase in polymer loading to 2.0 wt.%. This
shows that there is some speciﬁc threshold for PTh to exhibit
the optimal catalytic properties in the composite system. The
experiment also showed that the concentration of PTh in
TiO2–Cu played a signiﬁcant role in enhancing the photocat-
alytic activity. The change in pH alters the charge on the cat-
alyst, which affects the adsorption and desorption of the dyes
on the catalyst surface. For PTh/TiO2–Cu, the photocatalytic
rate also increased with increasing pH. This is due to the effect
of pH on the ionization rate on the surface according to the
following reactions:
TiOHþHþ!TiOHþ2 ð1Þ
TiOHþOH!TiO þH2O ð2Þ
The pH study showed that the dispersion of PTh/TiO2–Cu
is positively charged under acidic conditions, which is in con-
trast to negatively charged TiO2–Cu. Therefore, the adsorption
of positively charged RhB becomes impossible under acidic
conditions due to electrostatic repulsion; however, in alkaline
pH, the charge on the catalyst is reversed and the condition
becomes favorable for photocatalytic activity. Another expla-
nation is that the OH radicals are easier to generate by oxidiz-
ing more hydroxide ions on the TiO2 surface; thus, the
efﬁciency of the photocatalytic process is enhanced in alkaline
media.
The photodegradation mechanism proceeds normally via a
polymer mediated process; however the important difference is
that upon excitation, the electrons from the VB of TiO2 are
trapped by Cu2+ to form an unstable TiO2–Cu
2+ complex.
The trapped TiO2–Cu
2+ electrons are moved immediately to
the HOMO of PTh, which eliminates their electron–hole
recombination process. Owing to the lower reduction potential
of PTh than TiO2–Cu, the electrons are transferred easily to
the CB of TiO2 and a further degradation reaction occurs sim-
ilarly, as discussed earlier. Fig. 4 shows a schematic diagram of
the photocatalytic degradation mechanism.
In another major development, PTh/TiO2–montmorillonite
was evaluated for the sonophotocatalytic degradation of RhG
[59]. When sonication is added to the photocatalytic system,
the transformation of organic products occurs through reac-
tions with OH radicals generated from the collapsing bubbles.
In addition, the concentration of the organic material
decreases as hydroxylation progresses. The enhanced effects
by photocatalysis and sonocatalysis can be attributed to the
following reasons: the increased amounts of the oxidative spe-
cies generated, and an increase in the mass transport of chem-
ical species between the solution phase and the photocatalyst
surface and vice versa [60]. PTh/TiO2–Montmorillonite, when
assessed for catalytic reactions, showed a higher sonocatalytic
degradation rate of RhG compared to the photocatalytic
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sonication favoring the ease of generation of charged species as
well as to the effect of PTh, which promoted electron transfer
from the excited PTh polymer to the CB of TiO2. These two
effects in combination gave high photocatalytic efﬁciency for
the degradation of RhG.
2.6. Polythiophene based composite for the photocatalytic
disinfection of microorganisms
Matsunaga et al. [61] reported that the TiO2 photocatalyst may
cause the death of bacterial cells in aqueous media under illu-
mination. Since then, extensive studies have been carried out
on the photocatalytic disinfection of microorganisms using
TiO2 as a photocatalyst under UV light irradiation [62]. The
inability of TiO2 to absorb the visible light, however, has lim-
ited its applications. Doping TiO2 with PTh may extend the
absorption region of TiO2 and then enhance the photocatalytic
disinfection phenomenon [63]. The photocatalytic activity is
due to the OH generated during the photocatalytic process,
which is supposed to be the major lethal species responsible
for photocatalytic disinfection [64].
Shang et al. [65] in their study of PTh-Ac coated
Fe3O4@LDHs magnetic nanospheres as a photocatalyst for
the photocatalytic disinfection of pathogenic bacteria under
solar light irradiation, and showed that PTh-Ac plays a key
role in the disinfection process. The OH radicals that are
responsible for photocatalytic disinfection can be generated
easily from superoxide radicals (O2
) or singlet oxygen (1O2)
on the surface of PTh-Ac. Therefore, it was assumed that the
photocatalytic disinfection mechanism of this study was due
to the creation of OH, which is generated from the surface
of Fe3O4@PTh-Ac-LDHs. The generated
OH could cause sig-
niﬁcant disorder in the permeability of bacterial cells, DNA
damage and decomposition of the cell walls. Experiments per-
formed on Escherichia coli conﬁrmed that the cell structure
was distorted, and the ruptured cell wall could be observed
clearly by TEM analysis. The cell was no longer intact and
the outer membrane of the cell was damaged, leading to leak-
age of the interior component. This highlights the substantial
disorder in membrane permeability by OH in the disinfection
process, followed by the free efﬂux of intracellular con-
stituents, which leads to cell death. Derivatives of PTh in ﬁlm
form when studied for the disinfection of fungicide also
showed promising applications under visible light. The POThﬁlm, when studied for the visible light-induced catalytic degra-
dation of iprobenfos fungicide using bubbling gases with vary-
ing oxygen partial pressures, showed a high rate of fungicide
degradation [66,67]. The rate of fungicide degradation
increased with increasing oxygen partial pressure, and the ﬁlm
showed remarkable stability, even after 10 h of irradiation
(>380 nm), with no peeling of the ﬁlms. To ﬁnd out the active
species responsible for the degradation process, the ﬂuores-
cence quenching constant (kq) was determined from the slope
of the Stern–Volmer plots. The estimated kq value was
3.6 · 103 kPa1, which is related to the formation of O2 by
electron transfer from an excited POTh ﬁlm to molecular oxy-
gen. This formation of O2
 suggests that the photocatalytic
process involves a series of oxidative radicals, such as O2
,
HO2
 , H2O2, and
OH, which is similar to the case when TiO2
was used as a photocatalyst [68].
Compared to TiO2 particles in aqueous suspensions, the
POTh ﬁlm showed a low quantum yield, hence, the photocat-
alytic activity of the polymer ﬁlm was inferior to that of TiO2
particles [66,67]. On the other hand, the application of TiO2
particles to the degradation of wastewater treatments is gener-
ally difﬁcult because of their difﬁcult ﬁltration and settling.
The low activity of the polymer ﬁlm can be attributed mainly
to the low redox potential compared to that of TiO2 as well as
to the low surface area. Therefore, the combined effect of TiO2
with the POTh ﬁlm is believed to give enhanced disinfection
properties and may also solve the problems of the settling of
TiO2 nanoparticles.
3. Summary, prospective and scope for future works
Many studies of photodegradation under UV and visible light
irradiation using composites based on PTh or its derivatives
have been reported. Compared to other conducting polymers,
such as Pani or PPy, PTh has attracted less attention and the
research on the photocatalytic properties of PTh can be con-
sidered to be in its infancy at this stage.
Among the metal oxides examined thus far, TiO2 and ZnO
have attracted attention in this area, whereas there are very few
reports on other metal oxides. Composites of PTh or its
derivatives can be prepared with different metal oxides to
assess their photocatalytic properties under UV and visible
light irradiation. Carbon-based materials, such as graphene,
CNT or GO also have exciting future prospects owing to their
conductive nature, and may give high charge mobility in
502 M.O. Ansari et al.composites, which is beneﬁcial for the catalytic properties.
Owing to the much broader absorption in the visible region
of PTh and carbon based materials, more research will be
needed in the ﬁeld of visible light photocatalysis, which might
provide a green photocatalytic methodology for future
applications.
PTh ﬁlms can be used for the immobilization of metal oxi-
des, which can solve the problems of separation and isolation
of the catalyst and greatly improve the reproducibility of the
composite photocatalyst. In addition, there appears to be fur-
ther scope for the synthesis of PTh based photocatalysts with
different morphologies, such as core shell, wire, network struc-
ture etc. using simple chemical or electrochemical routes.
Green synthetic methods, such as catalyst synthesis via electro-
chemically active bioﬁlms have attracted considerable interest
these days, and it might be the most common possible method-
ology for the synthesis of PTh or its derivative-based photocat-
alysts in the near future.
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